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THOMSON SCATTERING FROM INERTIAL CONFINEMENT FUSION TARGETS

S. H. GLENZER, L. J. SUTER, K. G. ESTABROOK, and H. A. BALDIS
Lawrence Livermore National Laboratory, P.O. Box 808, L-437, Livermore CA 94550

We have applied ultravioleThomson scattering to accurately measure the electron and ion
temperature in high-density gas-filled hohlraums at the Nova laser facility.imlementation

of a short-wavelength probe laser that operates at 263 @jrhgt allowed us for the first time to
investigate scalings to high gas fill densities and to characterizbotileaum conditions of the
low-Z gas plasma. awsell as ofthe high-Zwall plasma. These measurements have provided us
with a unique dataset that we use to make criticebmparisonswith radiation-hydrodynamic
modeling using the code LASNEX. This code is presently being applied to design fusion targets
for the National Ignition Facility. The Thomson scattering experimefisw the existence of
electron temperature gradients in the gas plasma thawveltenodeled when including a self-
consistent calculation of magnetic fields. The fields are of relatively small strengtiffacting

the Thomson scattering spectra directly but limiting the electron thermal transport in the gas
resulting into temperature gradients consistgith the experimental observations. In addition,
the ion temperature daghow that the stagnation time of the gas plasma ormahéraum axis,

which is driven by the radial inward flowing plasma, is sensitive to the gas fill dearsityiswell
described by the calculations.

1. Introduction

High-density gas-filledhohlraum&.2.3 are the baseline targetor indirectly driven inertial
confinementfusion (ICF) experiments at future mega-joule laser facilit/eech asthe National
Ignition Facility (NIF).4 They serve amadiation enclosures to convéie high-power laser energy
into soft x rays>:6 which produce a symmetrablationpressure orthe surface of a fusiorapsule
mounted inside the hohlraumith the goal to achieve high-convergence high-yieighlosions?:8
The gasfill is important to prevent early axiagtagnation of the hohlraum wablow-off plasma
(typically gold) that can cause a localizexkial pressure orthe fusion capsule deteriorating the
symmetry. In addition, it is utilized to reduce inward motiorthefgold wall plasma allowingctive
control of thesoft x-rayradiationsymmetryl.7 In thisstudy, wetest the plasma characteristics of
this design with Thomson scattering measurementsillimeter-scalehohlraum plasmas providing
temporally and spatially resolved measurements of the electron temperatuoz Emperature, ;T
and plasmaflow, v. Besides testingur modeling capability, accurate temperatutata from
Thomson scattering are also needed for calculations of laser scatteringbessegjeflectiorangles,
and the x-ray emission spectra from gas-filled hohlraums.

Predicting hohlraum plasma conditions is an important part afiegbigyn work of fusionargets
becausee.g., they determine thgrowth of parametric laser-plasmiastabilities, namely stimulated
Brillouin scattering(SBS) and stimulated Raman scatteri(@RS), which itself limit the range of
attainable hohlraum x ray radiation fields (that are characterized by the radiation tempeggigyle, T
The hohlraum experiments described in this paper were designed to provide berddtafarkour
radiation-hydrodynamic modelingThe hohlraum plasmasere produced ahe 30-kJ Novalaser



facility using standard cylindricahillimeter-sizegold cavitiesfilled with methane (CH) or propane
(C3Hg). These gas fills are characteristic to ignition hohlraums designeleftiiF since they give
a two ion specieplasma to control ion Landau damping of the ion acoustic plasavas. This
technique might help to reduce laser endogges by SB&ndSRS? In addition,the CHy-filled
hohlraums producelectron densities of 28 cnr3 at the peak heater beam intensity ®1@5 W
cmr2, valuesthat are identicaith the NIF design. Experiments withthe highergasfill density
(C3Hg) were performed to investigate scalings.

For both targets, we findignificant electron temperature gradients reaching measured peak
temperatures of d= 4.5keV and Te = 2.6 keV inside of CH-filled and GHg-filled hohlraums,
respectively. Radiation-hydrodynamic modeling witie code LASNEX5.10 shows excellent
agreement in altases wheraccounting self-consistentlpr all relevant large-scale magnetic field
terms2 These simulationsse no assumptiorabout heatransport inhibition and provide clear
improvement over modeling with fluimited thermaltransport thereby increasimayr confidence of
the NIF target modeling.

2. Experiment

The experiments were performed with the Nova |#s@lity at the Lawrence Livermore National
Laboratory. It is a Nd:gladaser operating a.055um (1w) which can be frequency converted to
2w or 3w. The cylindrical hohlraums of 2,7%0n length and of 1,60Am diameter were heated with
ten smoothed3wheater beams with tatal energy of 27%J. The beamsvere arranged in cones on
either side of the hohlraum so that each beam forms an angletoftd@ hohlraunaxis. The heater
beams penetrate the hohlraum at both ends throughelaisanceholes whichare coveredvith 0.35
pum thick polyimide membranes. We applied shaped [agises of 2.4 nduration which rise from
0.6-1.8 TWperbeam reaching pegtower at 1.5 ns. We usdlle 40 probe laséi at Nova for
Thomson scattering. In these experimethts probe wasoperating at & (Ag = 263.3nm) with a
2 ns long pulse providing 50(at 4w) on targetwhich is not perturbinghe hohlraum plasma since
this energy is negligible comparedttat of the heatebeams. We focussetie probe beam to a
100 pum spot insideghe hohlraum into thgold blow off plasma at a distance 800 um from the
hohlraum wall and into thgas plasma on the hohlraumxis. Fig. 1 shows achematic of the
hohlraum and the location of the scattering volumes on a temporal-resolved-r2zyDimage
(E > 2keV) showing the hohlraum emission as observed though the laser entrance hole.

The scattered lighthasbeen measured at a scattering angled of 9(° through a diagnostic
window cut in the side of the hohlraum. We employed /10 optics witt anagnification and a 1m
spectrometer equipped with an optical streak camera to record spectra with a wavelength resolution of
0.1 nmand a temporal resolution of 3&. Highspatial discrimination ofl33 um in the vertical
direction and 66um in the axial directiorwas obtained bychoosingthe entrance slitvidth of the
spectrometer to b200 um and by employing a streadamera slit height ofl00 um. Collective
Thomson scattering is expected tbe parameters of the experiments (electtensity,temperature,



scatteringangle, and probtaser wavelength)lypical scattering parameters are=1/k\p > 3, and
light is predominantly scattered into the narrow ion feature of the Thomson scattering spectrum.

Figure 1 alsoshows Thomsorscattering dataobserved from both regions of agidg-filled
hohlraum close to peak heater beam power along with fitseofheoreticalhomson scattering form
factor giving e in case of the gold plasma, angddnd T in case of the proparm@asma. Incase of
gold, the width ofthe ion acoustic peak is determined by the detector resolution and Wgidbiy
gradient in the scattering volume along the scattering viector
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Fig. 1: Schematic of the gas-filled hohlraum Thomson scattering experiment using proghige: C
The x-ray image indicates the locations of the Thomson scattering volumes and exanighsnsbn
scattering spectra are shown on the right for scattering from the gas plasma and the gold plasma.

The Thomson scattering spectrum frahe low-Z gas plasma, othe otherhand, showsbroad
ion acoustigpeaks. This is becausthe two ion acousticwaves belonging to C and Bjive rise to
four unresolved ioracousticpeaks. Furthermorégn Landau damping is importafar the low-Z
species causing an additional broadening of the spectra which is sensitiveRmmthe spectra we
infer the plasma parametensth high accuracywhere error bargre obtained by varying the fits
within the noise othe experimentatlata. Electron temperature gradients aiso taken int@account
although they primarily affect the measurement of the ion temperature. A small uncertaigtyfin T
about 5% is added due to this effect resulting in a total error baifof I5%. Theerror bar for T
is larger because noise and plasma grademetsnore important resulting in an uncertainty26%6.
Finally, the macroscopic plasnmfiow velocity along the scattering vectér is inferred from the
Doppler shift of the whole Thomson scattering spectrum away from the incident laser wavegength
In our experiments, we obserbkie shifts at bothscattering volumes indicatintpat the plasma is



moving away from the hohlraum wall and frahe hohlraum centdowardsthe laser entrandeoles
consistent with x-ray imaging and with modeling.

3. Results and Discussions

Figure 2 showshe experimental temperatures measured oratige at various distances from the
hohlraum center.Dataare shownfrom methane-filledhohlraums at t =1.3 nsand from propane-
filled hohlraums at t =1.4 nstogether with results from two-dimensional radiation-hydrodynamic
modeling. Weapplied the cod& ASNEX with two approximations: Thdirst model uses a flux-
limited diffusion model for heattransport whereghe heatflow per unit area inregions oflarge
classical heat flowk [T¢ has an upper bound of f{fe Vg) Where (o Te Ve) is the so-called free
streaming value of heatansport and f ishe flux limit chosen to be f £.05. The secondmodel
includes large-scale magnetic fiefds.
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Fig. 2: Hohlraum axial d (squares) and;Tcircles) data as function of distance from thehlraum
center for (a) methane gas fill at t = 1.3 ns and gbdpane gas fill at t = 1.4 ns togethewith
hydrodynamic simulations with two electron heat transport models. In (a); thetalare close to 3 keV
and are removed for clarity since they overlap with tgeata points.

Our magnetic fieldsolution goes beyonthe magnetohydrodynamic (MHDimit since the full
Maxwell field equations arsolved,including the displacement current so that charge separation is
included. Ageneralizeddhm'slaw defines the currerttensity. Inthe co-moving fluid frame the
current density (in Gaussian units) obeys the following equation:

0J/0t+JxQ =e/my 0P +wy2/4m E +R, (1)

whereQ is the electron cyclotron frequency, iB the electron pressute,is the electric field, and the
other symbols have their usual meaningds related to the collisional contribution to thr®@mentum



flux that is given inRef. 12 as aonstitutive relation relating the drift velocity and the electron
temperature gradient to the momentum flux and, hence, the electric currentariblis terms which
contribute to the generation of large-scale magrfatids can befound by solving Eq. (1) for the
electric field and substituting into Faraday's law. Somga@ftermswhich resultare: thellTg x [ng
source termmagneticconvection, resistivaliffusion, magneticcurvature,magneticpressure, and
thermal force terms. These terms are all of the same order and must all be included in the simulations.
Magnetic fields produced by hot electrons are not included as well as small-scale fields of the size of
laser filaments. Thealculated temperaturehiown in Fig. 2are taken along thaxis averaged over
60 um consistent withlthe size of the scatteringplume. This comparison isistified because the
probe beam is not affected by beam deflection or refraction.
The comparison ifrig. 2 clearly showsthat theinclusion of magneticfields into the modeling
results inexcellent agreement between fileomson scatteringataand the calculations. Agarly
times, magnetic fields of the order of 1 MG are produced at the hohlraum walls where the laser beams
initially deposit theirenergy. In additionthe hohlraunmwindow is alsomagnetized. These fields
convect into the low-Z plasma of the hohlraum causing inhibition of electron thermal conduction since
the product of the electron cyclotron frequency and electron-ion collisiongimeapproaches values
of ten (forwgte~1, thermal conduction effects beconmeportant). In particular, hot plasma regions
develop in the path of the laser beams wilidsurrounded byarge magnetidields. Furthermore,
temperature gradients develop along the axis of the hohlraum and are clearly correlated to the presence
of the magnetidields. Our Thomson scattering measurements halbserved both regions of hot
plasma,the hotoff-axis regions (Ref. 2and theaxial temperature gradieEig. 2). The good
agreement of this model with the Thomson scattering data is very encouraging as its demonstrates our
level of theoreticalinderstanding of hohlraum plasma conditions aledtron thermatransport as
well as the importance of magnetic fields in ICF hohlraums. Our measurements in the higher density
gold blow off also agree slightly better withie calculations that include magndtelds compared to
those withoutmagneticfields, although thdatter are stillwithin the error bar ofthe experiment. It
indicates that magnetieelds do not affect the radiation production of thesélraums. Indeed, the
LASNEX simulations with B fields average 3 eV higher than those without fields which is
indistinguishable with present radiation drive measurertemftniques. Howevethe simulations
with B fields are important to predict the plasma conditions of ICF targets. They are presently used to
developour understanding déser scatteringpsses by SB&ndSRS in hohlraums. Faxample,
we find that SRS spectracalculatedfrom a convective gain model withASNEX calculations
providing the input plasma parameters, show improved agreement when including magnetic fields.
Figure 2 (b) furtheindicates that théon temperatures aness sensitive tdhe heattransport
modelused inthe simulations since they are determined bg\Vpwork whenthe low-Z plasma is
compressed othe axis bythe inward blowing gold plasma frorthe hohlraumwalls. In case of
methanethe experimental ion temperaturese rapidly at t =1.2 ns topeak values of {T= 3 keV.
The hydrodynamic simulations confirm that the rise;aé Hue to stagnation of tttempressed low-



Z plasma on the axis of the hohlraum where 90° particle scattering occurs on a scale lengttmof 30
When increasing thgasfill density by more than a factor tfo using GHg, Thomsonscattering
showsthat the stagnatiotime is delayed by0.3 ns. This finding is in goodagreementvith the
radiation-hydrodynamic calculations verifyitigat ahigher density gasll in ignition target designs
will be beneficial in preventing early axial stagnation.

4 . Conclusions

Our Thomson scattering experiments at Nova have changedhtheve model laserfusion plasmas.
They have shown the need to take into accheattransportlimiting effectssuch asmagnetic fields
to model the conditions ICF plasmas. The present experiments hapashedthe limits of the
applicability of Thomson scattering to a parameter range of 1ey<F keVand 161 cnr3 < ng <

3 x 11 cnr3. Our results have shown steep electemperature gradients ohlraums which are
modeled well by radiation-hydrodynamic simulatiomgien including magneticfields. The
measurements in the gold blow oficently became feasibtkie to the development of thexgrobe
laser. The data will be used in future studies to further test radpti@ics models. Moreover, the
measurements of the ion temperature have shown that axial stagnation in these gas-filled hohlraums is
well described by thesimulations. In particularthe experimental datahow ascaling of the
stagnation time to higheyasfill densities consistent witle calculationsvhich emphasizethat the
gas fill will be an efficient tamper for future ICF experiments.
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